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Abstract 
Accurate depiction of the vocal tract shape is essential for development of speech training aids for hearing impaired. Speech 
therapists have concluded from their research that if speech disorders are detected at an early stage then the rectification of those 
becomes faster and to a great accuracy. In case of adults, the vocal tract shape estimation can be performed by using techniques 
like X-Ray, MRI or using articulatory analysis by synthesis. Due to certain difficulties present in the methods mentioned like 
radiation effect and loud sound impulses produced by rapid switching of magnetic field are not considered suitable for children. 
Thus there is lack of availability of vocal tract shape data for children due to inability to use direct estimation methods for children. 
So it becomes necessary to carry out comparative study of vocal tract shape estimation techniques of children using indirect vocal 
tract shape estimation techniques. This paper aims to make available a considerable amount of data to researchers for study towards 
children’s vocal tract shape using implemented techniques. 
     The final objective of research work is to perform a detailed study on techniques available for vocal tract shape estimation, to 
implement and further compare the covariance and lattice methods for children using MATLAB software. Currently, the vocal 
tract shape estimation based on autocorrelation method is implemented and the results obtained are presented. 
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1. Introduction 
Verbal communication is the most frequently used form of human interaction, which results from work of a set of 
anatomic organs. Lungs act as pressure source for speech by providing airflow. Vocal folds modulate airflow to  
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create sound.The most important component of speech production is the vocal tract. It is tubular passageway which 
begins at the vocal cords, continues upwards past the tongue, and   ends at the lips. Some major functions of vocal 
tract are to modify the spectral distribution of energy in glottal sound waves and contribution to generation of sound 
[1]. Thus articulation is a result of the vocal tract that modifies their position and shape during air expulsion, producing 
different sounds and acoustic representations. Vocal tract length is defined as the curvilinear distance along the midline 
of the tract starting at the glottis to the intersection with a line drawn tangentially to the lips. It has been found to vary 
from about 6-8cm in infants to 15-18cm in adult females and male respectively [2]. The analysis of human structures 
like vocal tract is complex task, since their shapes are not constant and vary through age. Two different methods can 
be used to determine the shape of the vocal tract: direct methods based on geometrical measurements of the vocal 
tract; and indirect methods based on acoustic inversion [3]. 
 
    The direct measurement methods are several imaging methods like X-ray Radiography, Computed Tomography or 
Magnetic Resonance Imaging. Indirect methods on the other hand determine the vocal tract shape from a speech 
signal. Several indirect methods include Linear Predictive Coding (LPC), Mel Frequency Cepstrum Coefficients 
(MFCC), particle swarm optimization algorithm (PSO) and measurement of lip area. In this paper main focus would 
be given on indirect approach of vocal tract shape estimation (VTSE) techniques like LPC method due to certain 
disadvantages present in direct methods .Also importance will be given to children’s speech and their vocal tract shape 
estimation as speech is learnt usually in early childhood. Infants imitate the articulatory gestures of people speaking, 
thus attempting to learn the patterns of acoustic characteristics of speech sounds and corresponding articulatory 
movements [4]. Unfortunately, the hearing impaired children are unable to control the movement of articulators. As a 
result deaf children face difficulty in acquiring normal speech production.Only few investigations are done towards 
obtaining Vocal tract shape of a child’s speech and also not many MRI images exist. Most of the direct techniques 
mentioned are not suitable for children due to medical reasons. Hence, need arises to obtain vocal tract shapes for 
children within various age groups using methods which are safe [3]. VTSE has many other applications which can 
be utilized in various fields. In medical imaging; for the improvement and application of computational image 
techniques which can be used for studying the vocal tract during speech production. In phonetics, to study the 
production and perception of speech sounds and speech therapy to assess anatomic and physiological aspects related 
to communication disorders, language and speech [4].As the research work is focused on VTSE of children it is very 
essential to have insight on children’s vocal tract. Children have shorter vocal tract and shorter vocal folds. This makes 
their fundamental and formant frequencies higher. Speech development in children is predicated partly by the growth 
and anatomic restructuring of the vocal tract.  
     The final objective of research work is to perform a detailed study on techniques available for vocal tract shape 
estimation, to implement and further compare the covariance and lattice methods for children using MATLAB 
software. 
Nomenclature 
VTSE Vocal Tract Shape Estimation  
LPC Linear Predictive coding 
MFCC Mel Frequency Cepstral Coefficients 
PSO       Particle Swarm Optimization 
2.  Methods used for estimating Vocal tract shape 
     According to Schroter [7] estimating vocal tract shape from speech signal is an attractive approach because it offers 
new perspectives for speech processing. Two types of researchers are interested in this kind of estimation. One who 
likes to determine properties of the tract for development of speech training aids while the others are those interested 
in synthesizing best quality speech for speech coding and automatic speech recognition. Other possible applications 
are for language acquisition and second language learning. In the field of phonetics, it enables to know how sounds 
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were articulated without requiring medical imaging or other measurement techniques. Various direct and indirect 
methods used for VTSE are presented in this section. 
2.1 Direct Methods: 
     X- Ray is a classical technique first used by phoneticians to study speech production mechanism soon after the 
discovery of X-rays in 1895.Due to potential side effects of radiation exposure inflicted on subjects this technology 
cannot be considered safe especially for children [8].Another imaging technique used is Computed Tomography. This 
imaging technique allows making the distinction between bones, soft tissues and air, but does not allow for 
discriminating different soft tissues. It requires significant amount of ionizing radiation doses, and for this reason, is 
not at all safe for children. Among the imaging techniques used to study the vocal tract’s shape, MRI has been the 
most commonly accepted. Its advantages include the quality and resolution of soft-tissues and the use of non ionizing 
radiation. In addition, it allows for morphologic measurements in static as well as dynamic studies. So this technique 
seems to be apt for obtaining vocal tract shapes and is suitable for adults. However, collecting vocal tract information 
from children during speech production is difficult to obtain [13]. This is largely because the data collection 
environment in particular the MR scanner can be intimidating for children. Now it becomes essential to move on to 
indirect method of estimating vocal tract shape. 
 
2.2 Indirect methods: 
x Articulatory–acoustic codebooks 
 
    Articulatory–acoustic codebooks were seen to be accurate for only voiced speech or for consonant to vowel 
transitions. It also lacks flexibility in recovering vocal tract shapes as it is limited by the codebook, which is 
usually based on data only from a few speakers. Another problem is that it requires a large database and great 
mappings [10]. 
 
x Lip termination area and inverse acoustic mapping 
 
    Bunton et.al [11]   proposed a technique to measure vocal tract shape estimation of children on the basis 
of Measuring lip area. An analysis of video frames was carried out in Matlab for measuring lip area by 
determining the number of pixels enclosed in the frames. Later on, formant frequencies were extracted. Next 
step was to generate an initial area function by imposing a constriction of length Le and cross-sectional area 
Ae on a uniform tube of area At. The area function for a given vowel is estimated by perturbation algorithm. 
Before applying this method on a child speaker it was tested on an adult speaker so as to test the accuracy of 
method.MRI images were used for the purpose of comparing obtained VTSE which were observed to be 
much similar to derived shape. During research it was found that the cross sectional area of oral cavity of 
child speaker was matching with adult. So a further study on cross-sectional area of oral cavity was suggested 
by author using an independent imaging technique for much accurate estimation of lip area of speaker. 
 
x Mel Frequency Cepstral Coefficients (MFCC) 
 
    This method was found to be suitable for representing all classes of speech sounds. Dusan et al have 
attempted to recover vocal tract shape and dynamics of vowels from MFCC coefficients. It uses an 
articulatory-acoustic codebook derived from Maeda’s articulatory model. To obtain model parameters 
Expectation Maximization algorithm was used. A method of computing MFCC parameters from speech 
signal was devised using filterbank. Log energy spectrum was applied to the filter banks. A 10 order MFCC 
was used and output from filter bank was fed to it. TIMIT database were used. Vowel ‘a’ was divided in to 
16 MFCC frames and trajectories of eight articulatory parameters were obtained from which vocal tract area 
function was plotted. [12]. 
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x Particle swarm optimization Algorithm 
 
    According to author [10] by making use of tube model of vocal tract the problem of finding area function 
is equivalent to obtaining the  cross sectional area of specific section by making use of eq 1. In this method 
estimation of VTAF is done by minimizing a cost function. The cost function represents the acoustic 
difference between the original speech and that synthesized from the estimated vocal tract. Many forms of 
cost function are present however author made use of eq 1. 
 
¦ ¦ 

¦ ¦  
¦ ¦ 
¦ ¦  
¦  
M
i
T
t til
tiltil
M
i
T
t tiS
tiStiST
t
M
i til
tiltilT
t
M
i tiS
tiStiST
t
toCtsCC
1 2 )(
)(1)(
1 2 )(
)(1)(
1 2 )(
)(1)(
1 2 )(
)(1)(
1
)()(
                 (1) 
 
T:    number of frames in the speech portion under investigation. 
 
M:   number of sections used in modelling the vocal tract. 
 
co (t) : spectral vectors of the frame t of the observed   speech signal. 
 
cs (t) : spectral vectors of the frame t of the  synthesized speech  signal. 
 
Si (t): cross section area of section number of frame t. 
 
li (t):  length i of the vocal of frame t. 
 
2.3 LPC method for estimating VTSE of children 
       This method uses recorded voice samples to extract the LPC coefficients and generates the vocal tract shape from 
obtained autocorrelation coefficients and the reflection coefficients. The speech analysis model used by Wakita [17] 
is shown in Fig.1.The filtering process of inverse filter model was analyzed. The basic aim of this analysis was to 
minimize the error between the output of inverse filter and input impulse train. He also regarded the vocal tract as an 
acoustic tube with varying cross sectional area and divided the tube into M sections of equal length ∆l. Fig.1 shows a 
non uniform acoustic tube model of vocal tract. 
 
 
Fig.1.A non uniform acoustic tube model of vocal tract [17] 
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         Wankhede et al [16] have presented a method of estimating vocal tract shape of children by utilizing 
autocorrelation method based on LPC analysis and then investigated optimum parameters. The three optimum 
parameters reported are the sampling frequency, vocal tract length and LPC order.The algorithm used is presented in 
Fig. 2.Intially the division of the speech signal into frames was carried with every frame having duration of 20 ms and 
50% overlapping between adjacent frames. The sampling frequency was kept to be 12 KHz. The function of 
windowing is to smooth the estimated power spectrum and to avoid abrupt  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Block diagram for VTSE based on autocorrelation method [6] 
transitions in the frequency response of adjacent frames. Here hamming window of 240 samples equal to the frame 
length is used. So, windowing is applied and every frame is multiplied with a window function ሺሻ of length. A 
downward spectral tilt of 12 dB/ octave is introduced by glottal source and radiation at lips results in 6 dB/octave 
upward tilt. Its aim is to compensate effect of spectral tilt present in   speech signal. The value of LPC order would be 
varied with the age group of child to acquire a proper vocal tract shape. For determining autocorrelation coefficients 
Levinson-Durbin algorithm was used [14].The autocorrelation coefficients are converted to reflection coefficients so 
as to find the area values. The area value at glottis is kept 1 and the area values of other sections have to be determined 
from glottis to lips from the following Eq. 2. 
  
(2) 
 
                                                                                                                           
 
Am: area of   mth section of vocal tract 
μm: Reflection coefficient between m and m+1 
Am+1: area of (m+1) th section of vocal tract 
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Hamming window of size of 20msec 
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Estimation of autocorrelation coefficients using Levinson Durbin Algorithm 
Estimation of reflection coefficients 
Estimation and display of vocal tract area function 
Plotting of vocal tract tube model 
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   The table 1 presents the optimum value of three parameters including sampling frequency, vocal tract length and 
LPC order to be used for obtaining proper VTSE. These values changes within different age groups. 
 
 
Table 1 Optimum values to be used for VTSE of children of each age group [6] [14] 
 
 
Age group in years Average vocal 
tract length 
LPC order 
(M) 
Sampling 
frequency(Fs) 
2 to 5 10 8 14 
6 to 9 12 8 or 9 14 
10 to 12 13 9 or 10 13.5 
13 to 16 14.7 10 or 11 13 
17 to 21 16 11 or 12 12 
Above 21(adult) 17 12 11 
 
3.  Proposed method for implementation of Vocal tract shape for children 
     The overall objective of this research work is to implement lattice as well as covariance method and carry out 
comparative study among the methods. Autocorrelation method of linear prediction assumes that the signal is defined 
for all time such that it is identically zero outside a portion of the signal N samples long, where N is some positive 
integer [5, 6]. The speech signal is weighted by a finite window of length N. This windowing causes unwanted spectral 
distortion which is more for smaller values of N. Thus if the signal can be defined for all time without windowing, 
such spectral distortion will not occur. The advantage of the covariance method over the autocorrelation method is 
that no windowing of data is required in the formation of the autocorrelation estimates. As a result, for short data 
records the covariance method generally produces higher resolution spectrum estimates than the autocorrelation 
method [18]. 
 
3.1 Covariance Method 
 
     Covariance is a basic approach of defining the speech segment Sn (m) and the limits   on the sums, namely fix the 
interval over which the mean-squared error is computed. In this method windowing of segment is not needed as signal 
values are taken in the interval 1dd Nnp , such that p samples before the interval are taken to predict the samples 
at the beginning of the interval. The major difference from autocorrelation method is that the limits of summation 
includes terms before m=0.  Since window is extended backwards there is no need to taper it [1]. 
 
 
 
Fig.3. Speech segment in interval 1dd Nnp  [13] 
3.2 Lattice Method 
 
      The lattice method finds a set of all-pole model parameters that minimizes the sum of the squares of the forward 
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and backward prediction errors. However, in order to assure that the model is stable, this minimization is performed 
sequentially with respect to the reflection coefficients. The lattice method does not apply a window to the data and the 
estimates of the auto regressive parameters are more accurate than those obtained with the autocorrelation method 
[18].  
 
     So this paper aims to implement two methods of vocal tract shape estimation using lattice method and covariance 
method with the help of Matlab software. Currently, the autocorrelation method based VTSE method is implemented. 
 
4. Results of VTSE using autocorrelation method 
     Implementation of VTSE using autocorrelation method was carried. Recording of vowels /a/, /e/, /i/, /o/ and /u/ 
were carried out for children of age group starting from 3 to 17 years. The results of  a 4-year old boy uttering vowel 
‘a’ and boy child aged 10 year uttering vowel /e/ is shown in Fig 4 and Fig. 5 respectively.Fig.4 shows the results 
based on autocorrelation for vowel /a/ of male child speaker 1.Part (a) shows the recorded speech waveform. Part (b) 
shows vocal tract area function. Part represents(c) tube model of vocal tract and (d) shows the normalized vocal tract 
area function [14]. 
 
 
 
Fig.4.  Results for vowel /a/ of male child speaker(a)speech waveform(b)vocal tract area function(c)tube model of vocal tract(d)normalized vocal 
tract are function Fs = 14KHz,M = 8,l = 10cm 
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x Average vocal tract length (l) =10cm 
x LPC order (M) =8 and  
x Sampling frequency (Fs) = 14 KHz.  
          Decimation of speech waveform using Matlab command was carried out to get the suitable sampling frequency. 
From results it can be observed that the vocal tract is open at the lips region, even behind lips also opening is present 
but was closed in glottis region. 
5.  Conclusion 
      In this paper a study of various direct as well as indirect method of estimating vocal tract shape is done. Indirect 
method of estimation is observed to be suitable for children as they are harmless. Result obtained by implementing 
the VTSE of autocorrelation is presented which was carried out as a primary work of research. The future plan is to 
implement the lattice as well as covariance method and then to carry out the comparative study among them. 
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